We propose an efficient, robust, and broadband nonlinear optical frequency conversion technique, which uses segmented crystals constructed in analogy with the composite pulses in nuclear magnetic resonance and quantum optics. The composite crystals are made of several macroscopic segments of nonlinear susceptibilities of opposite signs and specific thicknesses, which are determined from the condition to maximize the conversion efficiency with respect to variations in the experimental parameters. These crystals deliver broadband operation for significantly lower pump intensities than single bulk crystals. A common notion in nonlinear optics is that efficient frequency conversion can be achieved only if the phase-matching condition is satisfied [1, 2] . The most common approaches to achieve phase matching exploit either the birefringence of the nonlinear material (birefringence phase matching) or a periodic switch of the sign of the nonlinearity to compensate for the phase mismatch (quasi-phase matching, QPM) [2, 3] . In both cases the efficiency of the frequency conversion process decreases rapidly away from perfect phase matching, for instance, due to a detuning of the pump wavelength or a variation in the crystal temperature. However, in some cases it is necessary to broaden the frequency spectrum or the temperature tolerance of the nonlinear interaction, especially if tunable sources or (spectrally broad) ultrashort-pulse sources are used. For QPM in materials where domain structuring with sufficiently short periods is possible, the spectral bandwidth can be widened by designing chirped [4] [5] [6] or other carefully designed aperiodic domain structures [7] . However, for single crystals under birefringence phase matching, the only way to broaden the spectral response is a reduction of the length of the nonlinear sample, which obviously requires a much higher pump power. In this Letter, we introduce an alternative approach for robust, efficient, and broadband frequency conversion, which combines the elements, and the advantages, of birefringence phase matching and QPM. We suppose that the nonlinear interaction is phase-matchable by birefringence phase matching and the sign of the nonlinear susceptibility is inverted just a few times. In contrast to the standard QPM, where the domain lengths are typically of the order of tens or hundreds of wavelengths, here the domain length is of the order of the interaction length (i.e., millimeters). Therefore, the approach presented here can be implemented even in materials for which ferroelectric poling or other microscopic structuring techniques are not possible, just by stacking a number of thin crystals of specific thicknesses, mutually inverted by 180 deg.
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The proposed technique is an analog of the composite pulses in nuclear magnetic resonance (NMR) [8, 9] and quantum optics [10, 11] . Unlike most composite pulses, which use specific relative pulse phases, here we use the composite sequences of Shaka and Pines [12, 13] , which use only sign change of the coupling (i.e., the nonlinear susceptibility here). This is dictated by the necessity to maintain the polarization of each wave after each interface and by the strict limitation of two directions of the domains in the case of domain poling.
We consider the symmetrized coupled-wave equations for collinear three-wave mixing in the slowly varying amplitude approximation [1] :
is the coupling coefficient, z is the position along the propagation axis, ω j , k j , and n j are the frequencies, the wavenumbers, and the refractive indices of the electric fields, c is the speed of light in vacuum, and χ 2 is the effective second-order susceptibility. Here, j 1, 2, 3 refer to the pump, signal, and idler fields, respectively. The amplitudes A j ≡ n j ∕ω j p E j are proportional to the amplitudes E j of the electric fields; jA j j 2 is proportional to the number of photons associated with the jth wave. The phase mismatch parameter is Δk k 1 k 2 − k 3 .
The three nonlinear coupled Eqs. (1) can be simplified assuming that the incoming pump wave is much stronger than the signal and therefore its amplitude remains constant (undepleted pump approximation) during the evolution (A 1 const). This leads to the system of equations
where
and
with Ω 2ΩA 1 . If initially B 3 z i 0, then η jB 3 z f j 2 ∕jB 2 z i j 2 is the conversion efficiency. In the phase-matched case (Δk 0), which corresponds to resonant excitation in quantum physics, the frequency conversion efficiency is η sin 2 S∕2, with S R z f z i Ωdz. Hence, complete energy transfer between the signal and the idler occurs for S π or odd multiples of π [1] . The value of η is sensitive to both variations in S and the phase mismatch. This sensitivity is greatly reduced by replacing the bulk crystal by a composite crystali.e., a stack of crystals with different thicknesses and alternating signs of the nonlinear susceptibility.
To this end, we note that by mapping the coordinate onto time dependence, z → t, Eq. (2) becomes the conventional time-dependent Schrödinger equation for a two-state atom in the rotating-wave approximation [14] , with H being the Hamiltonian. Then the two field amplitudes B 2 and B 3 are the probability amplitudes for the ground and excited states, the coupling Ω in Eq. (3) is the Rabi frequency, while Δk is the atom-laser detuning [14] . This analogy has been used earlier in the design of aperiodically poled nonlinear crystals [15] [16] [17] in order to perform adiabatic frequency conversion in a manner similar to the process of rapid adiabatic passage through a level crossing in quantum physics.
We propose to construct composite crystals in analogy with the technique of composite pulses in quantum physics [8] [9] [10] [11] . Composite pulses use less energy than adiabatic techniques while they deliver higher efficiency and similar robustness to parameter variations; similar advantages are expected in frequency conversion too.
In optical frequency conversion, instead of a pulse sequence, we propose to use a sequence of N crystal domains with suitably chosen thicknesses l 1 ; l 2 ; …; l N and alternating positive and negative susceptibilities. In the undepleted-pump regime the problem is linear and the total evolution matrix is a product of the evolution matrices for each segment (acting from right to left),
where ul j describes the evolution matrix for the jth segment. Most composite sequences are made of rectangular pulses and hence the Hamiltonian matrix H of Eq. (3) is constant. This is the case for our composite crystals too, where this condition translates into constant coupling Ω (i.e., constant nonlinear susceptibility χ 2 ) and constant frequency mismatch Δk j over the jth segment. For constant H j the evolution matrix reads ul j exp−iH j l j and the total evolution matrix (4) is readily computed. The "Hamiltonians" H j j 1; 2; …; N differ only by the sign of Ω, which changes from segment to segment. The segment thicknesses l 1 ; l 2 ; …; l N are free control parameters, which are chosen from the condition to maximize the conversion efficiency η jU 21 j 2 with respect to variations of Δk (around Δk 0) and the coupling Ω (around a selected value Ω 0 ). Such a composite crystal will tolerate phase mismatch in a certain range of wavelengths, i.e., it will act as a broadband device. This optimization is done by making a double Taylor series expansion of the total evolution matrix around selected values of the coupling and phase mismatch (Ω 0 , Δk 0):
then setting jUΩ 0 ; 0 21 j 2 1 and seeking the lengths l 1;2…;N that nullify as many derivatives as possible. The physical mechanism of the composite crystals is the destructive interference of phase-mismatch errors due to tailored multiple light scattering. Nearly all composite pulses use the relative phases between the constituent pulses as control parameters in order to design a desired interaction profile. Because of the limitations of our composite crystals, in which we are only allowed to flip the sign of the coupling Ω from segment to segment (which is done by changing the sign of χ 2 ), we use the composite pulses of Shaka and Pines [12, 13] , which use only sign flips from pulse to pulse (i.e., phases 0 and π) and the control parameters are the pulse durations. These composite sequences, adapted to composite crystals, are listed in Table 1 . Figure 1 illustrates the performance of the composite crystals with N 4 and N 6 segments from Table 1 compared to a single bulk crystal. The contours are calculated numerically from Eqs. (1) in the cases of undepleted pump (but depleted signal, left frames) and depleted pump (right frames). Figure 1 shows clearly that the region of high conversion efficiency expands strongly for longer composite crystals. In other words, the composite crystals exhibit much broader acceptance bandwidths compared to a single crystal. On the other hand, since the conversion is partially compensated in the opposite domains, the pump power needed to reach full signal-to-idler conversion is higher in the composite case than for a single crystal of equal total length. To illustrate the matter further, we choose a real crystal: 5 mol. % magnesium oxide doped lithium niobate (MgO:LiNbO 3 ). This ferroelectric nonlinear crystal attracts much interest due to its much higher damage threshold compared to pure LiNbO 3 , high nonlinear optical coefficient, broad transparency range, and suitability for domain poling [18] . We examine sum-frequency generation (SFG) in both the undepleted and depleted pump regimes. We assume to be near temperature-tuned noncritical phase-matching configurations of the type oo → e (two ordinarily polarized waves generate an extraordinarily polarized wave) for near-infrared wavelengths of the S-band telecommunication window and its harmonics, 750 nmo 1500 nmo → 500 nme:
The temperature-dependent Sellmeier equations from [18] indicate that this process can be noncritically phase matched at temperature 363 K. The contour plots in Fig. 2 compare the SFG efficiency η for a bulk MgO:LiNbO 3 crystal and several composite crystals made of segments of MgO:LiNbO 3 , versus the input pump intensity (fixed wavelength at 750 nm) and the signal wavelength near 1.5 μm. The total crystal lengths in the different cases have been chosen such that the maximum conversion efficiency is obtained for similar pump intensities. The figure shows the greatly enhanced robustness and frequency bandwidth of the SFG process by the composite crystals compared to the bulk crystal. We find it remarkable that, although the theoretical argumentation has been derived in the undepleted-pump limit (left frames), the advantages of the composite crystals persist for a depleted pump (right frames) too, even if to a slightly lesser extent. This is seen by comparing the 50% efficiency bandwidth in Figs. 2(d) and 2(f) with the one for a bulk crystal [ Fig. 2(b) ].
Furthermore, in order to test the sensitivity of the composite crystals to the prescribed domain lengths, we have conducted the numerical simulations in Fig. 2 by artificially adding a random 10% error in the domain lengths listed in Table 1 . We have verified that this error, which is far worse than what can be achieved experimentally, does not change the conversion efficiency dramatically.
One may argue that a large bandwidth can be obtained also by using sufficiently thin single-domain crystals. Such an approach has the drawback of requiring a much higher pump intensity than for composite crystal structures proposed here. Table 2 gives the necessary total crystal length L and pump intensity I p for a given Table 1 . The left columns (a), (c), and (e) are for the undepleted-pump regime jA 1 z i j 10jA 2 z i j, while the right columns (b), (d), and (f) are for the depleted-pump regime jA 1 z i j jA 2 z i j.
The inner curves mark the 90% efficiency level, and the outer curves are for the 50% level. The reciprocal of the total crystal length L is used as a unit forΩ and Δk. Table 1. acceptance bandwidth Δλ 1∕2 . Here, Δλ 1∕2 is defined as the FWHM at the pump level I p for which one has the first maximum (η 1) in the undepleted-pump regime for Δk 0. Table 2 demonstrates that the required intensities rapidly decrease with the increasing number of segments N: for example, the intensities required for the 15-segment composite crystal is by a factor of 6 lower than for a single-domain bulk crystal. We found numerically that, for a fixed total crystal length, the bandwidth of the nonlinear conversion scales roughly as the square root of the number of domains used. This makes the composite crystals very useful when the maximum pump power is limited, e.g., by the damage threshold of the nonlinear crystal. In summary, we have used the analogy between the frequency conversion equations and the time-dependent Schrödinger equation in order to build composite crystals for frequency conversion in analogy with the population-inverting composite pulses in NMR and quantum optics. We have used the sign-alternating dual-compensating composite pulse sequences by Shaka and Pines [12, 13] , which are particularly suitable for frequency conversion because they require only sign flips of the nonlinear optical susceptibility between the neighboring crystal segments. The resulting composite crystals deliver robust and broadband frequency conversion both in the undepleted and depleted-pump regimes. Although we have given an example of SFG in a crystal and configuration allowing noncritical phase matching, the presented concept is valid also for critical phase matching or for configurations where the primary phase-matching mechanism is already QPM with short period domains. With only minor changes, the technique can be also extended to other nonlinear interactions, such as secondharmonic generation, difference frequency generation, or parametric generation and amplification. The proposed technique may be implemented by using domain poling of rather long aperiodic domains or by simply stacking several crystals of specific thicknesses. We note that the concept of segmented composite crystals can be alternatively developed by using properly chosen detuning phases between different crystal segments implemented by the standard QPM technique [19] . One may also extend the use of the composite approach to the quantum regime of spontaneous parametric downconversion in analogy with broadband entangled-photon generation [20, 21] . 
